We study the prompt photon photoproduction at HERA within the framework of k Tfactorization QCD approach using the CCFM-evolved unintegrated gluon and valence quark distributions in a proton. The unintegrated sea quark densities are reproduced using the gluon splitting at the last step of evolution. Both inclusive and associated with the hadronic jet production rates are investigated and compared with the recent experimental data taken by the H1 and ZEUS collaborations. Specially we study the specific kinematical properties of the photon-jet system which are strongly sensitive to the transverse momentum of incoming partons. The contributions from the quarks emerging from the earlier steps of the parton evolution rather than from the last gluon splitting are estimated and found to be of 10% approximately. PACS number(s): 12.38.-t, 13.85.-t
Introduction
The prompt photon production in ep collisions at HERA is a subject of the intense studies [1] [2] [3] [4] [5] [6] . The theoretical and experimental investigations of the such processes have provided a direct probe of the hard subprocess dynamics, since produced photons are largely insensitive to the effects of final-state hadronization. Usually photons are called "prompt" if they are coupled to the interacting quarks. From the theoretical point, these photons in ep collisions can be produced via direct γq → γq and resolved production mechanisms. In resolved events, the photon emitted by the electron fluctuate into a hadronic state and a gluon and/or a quark of this hadronic fluctuation takes part in the hard interactions. Prompt photon measurements can be used also to constrain the parton densities in a proton and in a photon.
Recently the H1 and ZEUS collaborations have reported the data [2] [3] [4] [5] on the inclusive and associated (with the hadronic jet) prompt photon production at HERA. However, the next-to-leading order (NLO) collinear pQCD calculations [7, 8] are 30−40% below these data, especially in rear pseudo-rapidity (electron direction) region. It was demonstrated [2] [3] [4] [5] that the observed disagreement is difficult to explain with conventional theoretical uncertainties connected with scale dependence and parametrizations of the parton densities. The origin of the disagreement has been ascribed to the effect of initial-state soft-gluon radiation. It was shown [3] that observed discrepancy can be reduced by introducing some additional intrinsic transverse momentum k T of the incoming partons. The ZEUS fit to the data gaves k T value of about 1.7 GeV [3] . The similar situation is observed also at the Tevatron energies: in order to describe the measured transverse momentum distributions of the photon the Gaussian-like k T spectrum with an average value of k T ∼ 3 GeV was introduced [9, 10] . Of course, such large partonic k T must have a significant perturbative QCD component.
The transverse momentum of incoming partons naturally originates in the framework of k T -factorization approach of QCD [11] . In this approach, the transverse momentum k T is generated perturbatively in the course of non-collinear parton evolution under control of corresponding (usually Balitsky-Fadin-Kuraev-Lipatov (BFKL) [12] or Ciafaloni-CataniFiorani-Marchesini (CCFM) [13] ) evolution equations. One of main ingredients of the formalism are the unintegrated quark and gluon densities f a (x, k 2 T , µ
2 ), where a = q or a = g. Detailed description of the k T -factorization can be found, for example, in reviews [14] [15] [16] . In our opinion, the k T -factorization approach is only one giving us the possibility to analyze in the rather straightforward manner the important HERA and Tevatron data which can be significant in further implementations for the LHC physics. As it was demonstrated in the ZEUS paper [4] and in the recent experimental study [6] performed by the H1 collaboration, the k T -factorization predictions [17] for the prompt photon photoproduction at HERA are in better agreement with the data compared to the results of the collinear NLO pQCD calculations [7, 8] .
We point out, however, that an important component of the first calculations [17] in the framework of k T -factorization approach is the unintegrated quark distributions f q (x, k 2 T , µ 2 ) in a proton. These quantities are poorly known still within the QCD since there are theoretical difficulties in obtaining the quark distributions immediately from CCFM or BFKL equations (see also [14] [15] [16] and references therein for more information). At present, the unintegrated quark densities are most often used in the framework of Kimber-Martin-Ryskin (KMR) [18] approximation only. As a result, the dependence of the k T -factorization predictions [17] on the non-collinear evolution scheme has not been investigated. This dependence in general can be significant and it is a special subject of study in the k T -factorization approach.
Recently the idea of reexpressing the quark contributions in terms of gluon contributions has been proposed and tested [19, 20] in the case of inclusive prompt photon or electroweak gauge (W ± or Z 0 ) boson hadroproduction at the Tevatron and LHC energies (see also [21] ). At the price of considering the 2 → 3 rather than 2 → 2 off-shell matrix elements, the problem of unintegrated quark distributions has been reduced to much better investigated gluon distributions. In the proposed method the contribution from the valence quarks have been taken into account separately since the gluons are only responsible for the appearance of sea, but not valence quarks (which contribute only at large x). This way enables us, in principle, with making comparisons between the different parton evolution schemes and parametrizations of quark and gluon densities within the k T -factorization formalism. However, the question is still open for the case of prompt photon production at HERA.
In the present paper we propose a some simplest way to evaluate the unintegrated quark densities f q (x, k 2 T , µ
2 ) within the CCFM dynamics and apply them to the prompt photon photoproduction at HERA. Shortly, our approach is the following. First we convolute the CCFM-evolved gluon distribution f g (x, k 2 T , µ
2 ) with the usual unregulated leading-order DGLAP splitting function P qg (z) to obtain the unintegrated sea quark densities. Then we will use these distributions with the CCFM-evolved valence quark densities which have been evaluated recently in [22] . Of course, in this way we only simulate the last gluon splitting in the full evolution cascade and not take into account contribution from quarks coming from the earlier steps of the evolution [20] (i.e., from the second-to-last, third-to-last and other gluon splittings). But it is not evident in advance, whether the last gluon splitting dominates or not. One of the goals of our study is to clarify this point. In order to estimate the contribution from the quarks involved into the earlier steps of the evolution we will use the specific properties of the KMR approach [18] which enables us to discriminate between the various components of the quark distributions. Numerically, we will investigate the total and differential cross sections of the inclusive and associated with the hadronic jet prompt photon photoproduction and make a systematic comparison of our predictions to the available H1 and ZEUS data [2] [3] [4] [5] . Our special goal is to study the specific kinematical properties of the photon-jet system which are strongly sensitive to the intrinsic partonic k T .
The outline of our paper is following. In Section 2 we recall shortly the basic formulas of the k T -factorization approach with a brief review of calculation steps. In Section 3 we present the numerical results of our calculations and a discussion. Section 4 contains our conclusions.
2 Theoretical framework
The subprocesses under consideration
In ep collisions at HERA prompt photons can be produced by one of three mechanisms: a direct production, a single resolved production and via parton-to-photon fragmentation processes [23] . The direct contribution to the γp → γ + X process is the Compton scattering on the quark (antiquark)
where the particles four-momenta are given in parentheses. It gives the O(α 2 em ) order contribution to the hadronic cross section. Here α em is Sommerfeld's fine structure constant. The single resolved subprocesses are
Since the parton distributions in a photon at leading-order have a behavior proportional to α em ln µ 2 /Λ 2 QCD ∼ α em /α s , these subprocesses give also the O(α 2 em ) contributions and therefore should be taken into account in our analysis.
The CCFM and KMR unintegrated parton distributions
As it was mentioned above, in the framework of k T -factorization approach of QCD one should consider the unintegrated quark and gluon distributions f a (x, k 2 T , µ 2 ) instead of the conventional (collinear) parton densities a(x, µ 2 ). Unintegrated gluon densities can be obtained from the analytical or numerical solution of BFKL-like equations. One of the solutions has been obtained in [24] from the CCFM evolution equation where all input parameters have been fitted to describe the proton structure function F 2 (x, Q 2 ). The proposed unintegrated gluon density (namely, set A0) has been applied to the number of QCD processes (in the framework of the Monte-Carlo generator cascade [25] ). In the present paper we will use this gluon distribution in our calculations.
To accomplish the CCFM-evolved gluon density, one should apply the relevant unintegrated quark distributions. Below we will use the following approximation for f q (x, k 2 T , µ
2 ). As a first step, we divide the quark densities into several parts which correspond to the interactions of valence quarks f
and the second term omitted, we switch the last gluon splitting off, thus excluding the f
2 ) component. Then, keeping only sea quark in first term of (6) we remove the valence quarks from the evolution ladder. In this way only the f
2 ) are taken into account. Numerically, in (6) we have used the standard GRV (LO) parametrizations [26] of the collinear quark and gluon densities a(x, µ 2 ).
Cross section for the prompt photon production
Main formulas for prompt photon photoproduction have been obtained in our previous paper [17] . Here we only recall some of them. Let p e and p p be the four-momenta of the initial electron and proton. The direct contribution (1) to the γp → γ + X process in the k T -factorization approach can be written as
whereσ(γq → γq) is the hard subprocess cross section via quark or antiquark having fraction x 2 of a initial proton longitudinal momentum, non-zero transverse momentum k 2T (k
= 0) and azimuthal angle φ 2 . The expression (7) can be easily rewritten in the form
where |M(γq → γq)| 2 is the hard matrix element squared which depends on the transverse momentum k
2 is the total energy of the subprocess under consideration, y γ , E γ T and φ γ are the rapidity, transverse energy and azimuthal angle of the produced photon in the γp center-of-mass frame, and
The formula for the resolved contribution to the prompt photon photoproduction in the k T -factorization approach can be obtained by the similar way. But one should keep in mind that convolution in (7) should be made also with the unintegrated parton distributions f
where a, b, c = q and/or g,σ(ab → γc) is the cross section of the photon production in the corresponding parton-parton interaction (2) -(4). Here parton a has fraction x 1 of a initial photon longitudinal momentum, non-zero transverse momentum k 1T (k 2 1T = −k 2 1T = 0) and azimuthal angle φ 1 . We can easily obtain the final expression from equation (9) . It has the form
where y c is the rapidity of the parton c in the γp center-of-mass frame. It is important that hard matrix elements squared |M(ab → γc)| 2 depend on the transverse momenta k 2 1T
and k 2 2T . The analytic expressions for the matrix elements above have been derived in our previous paper [17] . We would like to note that if we average the expressions (8) and (10) over φ 1 and φ 2 and take the limit k 2 1T → 0 and k 2 2T → 0, then we obtain well-known expressions for the prompt photon production in leading-order (LO) perturbative QCD.
The experimental data [2] [3] [4] [5] taken by the H1 and ZEUS collaborations refer to the prompt photon production in the ep collisions, where electron is scattered at small angle and the mediating photon is almost real (Q 2 ∼ 0). Therefore γp cross sections (8) and (10) needs to be weighted with the photon flux in the electron:
where y is a fraction of the initial electron energy taken by the photon in the laboratory frame, and we use the Weizacker-Williams approximation for the bremsstrahlung photon distribution from an electron:
Here m e is the electron mass,
, which is a typical value for the photoproduction measurements at HERA.
The multidimensional integration in (8), (10) and (11) has been performed by means of the Monte Carlo technique, using the routine vegas [27] . The full C++ code is available from the authors on request 2 .
Fragmentation contributions and isolation
In addition to the direct and resolved production, photons can be also produced through the fragmentation of a hadronic jet into a single photon carrying a large fraction z of the jet energy [23] . These processes are described in terms of quark-to-photon D q→γ (z, µ 2 ) and gluon-to-photon D g→γ (z, µ 2 ) fragmentation functions [28] . However, it is very important that in order to reduce the huge background from the secondary photons produced by the decays of π 0 , η and ω mesons the isolation criterion is introduced in the experimental analyses. This criterion is the following. A photon is isolated if the amount of hadronic transverse energy E had T , deposited inside a cone with aperture R centered around the photon direction in the pseudo-rapidity and azimuthal angle plane, is smaller than some value E max T :
The both H1 and ZEUS collaborations take R = 1, E max T = ǫE γ T with ǫ = 0.1 in the experiments [2] [3] [4] [5] . Isolation not only reduces the background but also significantly reduces the fragmentation components. It was shown [7, 8] that after applying the isolation cut the contribution from the fragmentation subprocesses is only about 5 or 6% of the total prompt photon cross section. Therefore in our further analysis we will neglect the small fragmentation contribution and consider only the direct and resolved production mechanisms.
Numerical results
We now are in a position to present our numerical results. First we describe our theoretical input and the kinematical conditions. After we fixed the unintegrated parton distributions in a proton f a (x, k 2 T , µ 2 ), the cross sections (8) and (10) depend on the energy scale µ. As it often done [7, 8] for prompt photon production, we choose the renormalization and factorization scales to be µ = E γ T . Note that in the present paper we concentrate mostly on the non-collinear parton evolution in the proton and therefore neglect the transverse momentum of partons coming from the resolved photon. Also we do not study here the scale dependence of numerical results. This issue is addressed in our previous paper [17] . We use LO formula for the strong coupling constant α s (µ 2 ) with n f = 3 active (massless) quark flavours and Λ QCD = 232 MeV, such that α s (M 2 Z ) = 0.1169. Also we will not neglect the charm quark mass and set it to be m c = 1.4 GeV.
Inclusive prompt photon photoproduction
Experimental data for the inclusive prompt photon production at HERA comes from both the ZEUS and H1 collaborations 3 . Two differential cross section are determined: first as a function of the transverse energy E γ T , and second as a function of pseudo-rapidity η γ . The ZEUS data [2] refer to the kinematic region 4 defined by E γ T > 5 GeV and −0.7 < η γ < 0.9 with electron energy E e = 27.5 GeV and proton energy E p = 820 GeV. The fraction y of the electron energy trasferred to the photon is restricted to the range 0.2 < y < 0.9. Additionally the available ZEUS data for the prompt photon pseudo-rapidity distributions have been given also for three subdivisons of the y range, namely 0.2 < y < 0.32 (134 < W < 170 GeV), 0.32 < y < 0.5 (170 < W < 212 GeV) and 0.5 < y < 0.9 (212 < W < 285 GeV). The more recent H1 data [5] refer to the kinematic region defined by 5 < E γ T < 10 GeV, −1 < η γ < 0.9 and 0.2 < y < 0.7 with electron energy E e = 27.6 GeV and proton energy E p = 920 GeV.
The transverse energy and pseudo-rapidity distributions of the inclusive prompt photon production for different kinematical region are shown in Figs. 1 -3 in comparison with the available HERA data [2, 5] . The dashed histograms correspond to the results obtained using the CCFM-evolved quark f
2 ) distributions which have been described in Section 2.2. The dotted histograms represent the estimation of the contributions from the sea quarks involved into the earlier steps of the evolution cascade given by the f (s)
2 ) quark densities. Below we will refer to this contribution as to "reduced sea" component. The solid histograms represent the sum of both these contributions. One can see that the HERA data [2, 5] can be reasonably well described by the CCFM-evolved parton densities. It is in contrast with the results of the conventional NLO pQCD calculations [7, 8] which are typically 30 -40% below the data. Note that our predictions tend even to slightly overshoot the ZEUS data at high values of y variable and large photon pseudo-rapidity η γ (see Fig. 3 ). Concerning the "reduced sea" component, we find that it gives approximately 10% contribution to the calculated cross sections and therefore it is not very important for the prompt photon production at HERA. However, the role of the "reduced sea" component is greatly increases at the Tevatron and LHC energies, as it was demonstrated in [20] . We conclude that the theoretical uncertainties coming from the applied method of evaluating the unintegrated quark densities are similar to the scale depences of the photon cross sections, which are typically about 15% [17] .
Prompt photon photoproduction in association with jet
Below to calculate the semi-inclusive prompt photon production rates we apply the procedure which has been used previously in [17] . The produced photon is accompanied by a number of partons radiated in the course of the parton evolution. As it has been noted in [29] , on the average the parton transverse momentum decreases from the hard interaction block towards the proton. As an approximation, we assume that the parton k ′ emitted in the last evolution step compensates the whole transverse momentum of the parton participating in the hard subprocess, i.e. k ′ T ≃ −k T . All the other emitted partons are collected together in the proton remnant, which is assumed to carry only a negligible transverse momentum compared to k ′ T . This parton gives rise to a final hadron jet with E jet T = |k ′ T | in addition to the jet produced in the hard subprocess. From these hadron jets we choose the one carrying the largest transverse energy, and then compute prompt photon with an associated jet cross sections.
Experimental data for this process were obtained by the H1 and ZEUS collaborations. The H1 collaboration presented the cross sections [5] measured differentially as a function of E γ T , E jet T , and the pseudo-rapidities η γ and η jet in the kinematic region defined by 5 < E γ T < 10 GeV, E jet T > 4.5 GeV, −1 < η γ < 0.9, −1 < η jet < 2.3 and 0.2 < y < 0.7 with electron energy E e = 27.6 GeV and proton energy E p = 920 GeV. The more recent ZEUS data [4] refer to the kinematic region defined by 5 < E γ T < 16 GeV, 6 < E jet T < 17 GeV, −0.74 < η γ < 1.1, −1.6 < η jet < 2.4 and 0.2 < y < 0.8 with the same electron and proton energies. The results of our calculations are shown in Figs. 4 -7 in comparison with the HERA data. One can see that all distributions measured by the H1 collaboration are reasonable well reproduced by our calculations supplemented with the CCFM parton dynamics. However, there is some discrepancy between the predictions and the ZEUS data 5 . It seems that the origin of this disagreement is connected with the lowest bin in the E γ T distribution, where our theoretical results are about 2 times below the ZEUS measurements (see Fig. 4, right panel) . In order to investigate it in more detail, we have repeated the calculations with an additional cut on the photon transverse energy, namely E γ T > 7 GeV (keeping the other cuts the same as before). Our results compared to the ZEUS data are shown in Fig. 8 . We find a perfect agreement between the theoretical predictions and the data after applying this additional cut. However, we would like to point out that our results agree with the H1 measurements [5] in a whole E γ T range. Note also that the shape of the predicted pseudo-rapidity η jet distribution coincide with the one calculated in the collinear NLO pQCD approximation [7, 8] . At the same time the shape of this distribution does not reproduced [5] well by the leading-order pQCD calculations. This fact demonstrates that the main part of the collinear high-order corrections is already included at LO level in k T -factorization formalism (see also [14] [15] [16] The total cross section of prompt photon and associated jet photoproduction obtained in the kinematic range Q 2 < 1 GeV 2 , 5 < E γ T < 16 GeV, 6 < E jet T < 17 GeV, −0.74 < η γ < 1.1, −1.6 < η jet < 2.4 and 0.2 < y < 0.8 (region I). An additional cut E γ T > 7 GeV is applied in the region II. The numbers given in parenthesis correspond to the taking into a account the "reduced sea" component.
The total cross sections of the prompt photon and jet associated production calculated within the framework of k T -factorization approach compared to the ZEUS experimental data [4] are listed in Table 1 . These cross sections are described well using the k T -factorization formalism.
The most important variables for testing the structure of colliding proton and photon are the longitudinal fractional momenta of partons in these particles. In order to reconstruct the momentum fractions of the initial partons from measured quantities the observables x obs γ and x obs p are introduced in the ZEUS analysis [3, 4] :
The x obs γ distribution is particularly sensitive to the photon structure function. It is clear that at large x obs γ region (x obs γ > 0.85) the cross section is dominated by the contribution of processes with direct initial photons, whereas at x obs γ < 0.85 the resolved photon contributions dominate [4, 5] . Instead of using the x obs γ and x obs p variables, the H1 collaboration refers [5] to x LO γ and x LO p observables given by
It was argued [5] that these quantities make explicit use only of the photon energy, which is better measured than the jet energy. Our predictions for all these observables compared to the H1 and ZEUS data [4, 5] are shown in Fig. 9 . We conclude again that our predictions reasonable well agree with the HERA data for both the direct and resolved production mechanisms. The sizeble contribition from the "reduced sea" quarks appears only for the direct production and practically negligible for the resolved one. Further understanding of the process dynamics and in particular of the high-order correction effects may be obtained from the transverse correlation between the produced prompt photon and the jet. Specially the H1 and ZEUS collaborations have measured [3] [4] [5] the distribution on the component of the prompt photon's momentum perpendicular to the jet direction in the transverse plane, i.e.
where ∆φ is the difference in azimuth between the photon and the accompanying jet. The ZEUS collaboration have measured [3] also the distribution on the ∆φ angle. In the collinear leading-order approximation, these distributions must be simply a delta functions δ(p ⊥ ) and δ(φ − π), since the produced photon and the jet are back-to-back in the transverse plane. Taking into account the non-vanishing initial parton transverse momentum leads to the violation of this back-to-back kinematics in the k T -factorization approach. The normalised p ⊥ and ∆φ distributions compared to the H1 and ZEUS data [3] [4] [5] Fig. 10 are very similar to the ones [7] obtained in the collinear QCD factorization at NLO level. The NLO pQCD calculations performed by another group [8] give a better description of the p ⊥ distributions at x LO γ < 0.85 than the ones [7] since in this kinematical region the cross section is dominated by O(α s ) corrections to the processes with resolved photons, which are not included in the calculations [7] . In general, we conclude that the k T -factorization approach supplemented with the CCFM parton dynamics reasonably well simulates the intrinsic partonic transverse momentum k T .
As a final point, we should mention, of course, that the corrections for hadronisation and multiple interactions have been taken into account in the NLO analysis of the available HERA data [2] [3] [4] [5] performed in the framework of collinear factorization of QCD. The correction factors are typically 0.8 -1.2 depending on a bin. These corrections are not taken into account in our consideration.
Conclusions
In the present paper we have tested a simplest way to evaluate the unintegrated quark densities within the CCFM evolution dynamics. Main point of our derivation is the separation of the quark densities into several parts which correspond to the interactions of valence quarks, sea quarks appearing at the last step of the gluon evolution and sea quarks coming from the earlier gluon splittings. The contribution from the last gluon splitting has been calculated as a convolution of the CCFM-evolved unintegrated gluon distribution with the standard leading-order DGLAP splitting function P qg (z). The contribution from the sea quarks involved into the earlier evolution steps has been estimated in the framework of the KMR approximation.
The evaluated unintegrated quark and gluon densities have been applied to the analysis of the recent experimental data on the prompt photon photoproduction taken by the H1 and ZEUS collaborations at HERA. Our consideration covered both inclusive and associated with the hadronic jet production rates. We have found a reasonable well agreement between our predictions and the available data. The contributions to the total photon cross section from the quarks emerging from the earlier steps of the parton evolution rather than from the last gluon splitting are estimated to be of 10% approximately. Additionally we have studied the specific kinematical properties of the photon-jet system which are strongly sensitive to the transverse momentum of incoming partons. We have demonstrated that the k T -factorization approach supplemented with the CCFM parton dynamics reasonably well simulates the intrinsic partonic k T .
Of course, in our analysis we neglect the contribution from the fragmentation processes and from the direct box diagram (γg → γg). As it was claimed in [7] , the direct box diagram, which is formally of the next-to-next-to-leading order, gives approximately 6% contribution to the total NLO cross section. Since this contribution is mainly due to large gluonic content of the proton at small x, studying of this subprocess should be also very interesting in the k T -factorization approach. We plan to investigate it in detail in the forthcoming publications. The differential cross sections dσ/dη γ for the inclusive prompt photon photoproduction at HERA. Notation of all histograms is the same as in Figure 1 . The experimental data are from H1 [5] and ZEUS [2] . Figure 1 . The experimental data are from H1 [5] and ZEUS [4] . The differential cross sections dσ/dη γ for the prompt photon + jet production at HERA. Notation of all histograms is the same as in Figure 1 . The experimental data are from H1 [5] and ZEUS [4] . T for the prompt photon + jet production at HERA. Notation of all histograms is the same as in Figure 1 . The experimental data are from H1 [5] and ZEUS [4] . The differential cross sections dσ/dη jet for the prompt photon + jet production at HERA. Notation of all histograms is the same as in Figure 1 . The experimental data are from H1 [5] and ZEUS [4] . for the prompt photon + jet production at HERA. Notation of all histograms is the same as in Figure 1 . The experimental data are from H1 [5] and ZEUS [4] . 1/σ dσ/dp T (GeV Figure 10 : The normalized differential cross sections 1/σ dσ/dp ⊥ for the prompt photon + jet production at HERA. Notation of all histograms is the same as in Figure 1 . The experimental data are from H1 [5] . Figure 11 : The normalized differential cross sections 1/σ dσ/dp ⊥ and 1/σ dσ/d∆φ for the prompt photon + jet production at HERA. Notation of all histograms is the same as in Figure 1 . The experimental data are from ZEUS [3] .
